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Abstract
Electric power utilities usually use conventional grid simulators to perform simulations for grid design, operation and
maintenance studies. Connection of superconducting devices, such as HTS cables, to real grids addresses the need
for including specially-designed models in such studies. A 1G HTS cable user-written model suitable for dynamic
simulations is developed and it is applied in a sample test grid to analyze its dynamic behavior under fault conditions.
c© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
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1. Introduction
The modernization of the electrical infrastructure has been forced by the steady increase of electricity
consumption and certain constraints to build new transmission and distribution components. HTS cables
oﬀer new possibilities for the adaptation of the network to future requirements [1].
Electric power utilities usually perform stability studies in order to predict disruption to the grid in case
of disturbances, such as bus faults. The severity of this disruption is determined through the ability to return
to an operating point equal or similar to the initial operating conditions after a disturbance.
Dynamic simulation software is an important tool to implement stability studies. In this paper, several
dynamic model subroutines are designed and implemented with the software Power System Simulator for
Engineering, PSS/E. The purpose of this paper is to provide a new tool to give support to the analysis of the
feasibility of the operation of HTS cables in grids.
2. Cable physical model
The cable conﬁguration that has been chosen for this work is three phases in a single cryostat, cold
dielectric design, and the phase conductors are made of 1G tapes (Bi-2223 ﬁlaments, Silver matrix). Each
single phase has its individual electric insulation and individual shielding. In addition, each cable phase
incorporates a Copper former in order to provide additional electric path in case of fault, thus current values
can be reduced in the HTS tapes in case of abnormal operation.
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2.1. Tapes resistivity model
The physical model that have been chosen to describe the tapes resistivity behaviour under ﬂux-ﬂow
regime is given as the power-law [2]
ρHTS (t) = ρc ·
(
I(t)
Ic
)n−1
·
(
Tc − T0
Tc − T (t)
)n
(1)
where ρc is the critical ﬂux-ﬂow resistivity, Ic is the critical current, Tc is the critical temperature of
the HTS material, T0 is the initial operation temperature of the HTS component. I(t) denotes the current
peak-magnitude and T (t) denotes the temperature of the HTS material.
In 1G HTS tapes, HTS ﬁlaments are placed within a ductile matrix of silver or its alloys. Therefore, the
total resistivity of the tapes becomes
ρtape(t) =
(
1
1 + r
ρ−1HTS +
r
1 + r
ρ−1MATRIX
)−1
(2)
where ρMATRIX is the matrix resistivity, and r is the tape cross-area coeﬃcient, this is, the matrix-material
area divided by the HTS material area.
2.2. Temperature and cooling model
The temperature and cooling behaviour has been modeled according to operation conditions of the ca-
ble. When current peaks are below the HTS critical value, current ﬂows mainly along the tapes, thus heat
dissipation is assumed to be caused by them. On the other hand, when the current peaks are above the HTS
critical value, current is considered to be ﬂowing along the Copper former and the Silver matrix, thus heat
dissipation is assumed to be caused by these two conductors. In a ﬁrst approach, this model assumes that
the Copper former, the phase and shield tapes and the dielectric material have the same temperature.
In the ﬁrst operating conditions, temperature is modeled as [2],
mtape · cp,tape · dT (t)dt = P(t) − h · A · ΔT (t) (3)
where mtape is the total mass of the HTS tapes, cp,tape is the speciﬁc heat capacity of the HTS tapes, P(t)
is the electrical losses per phase, h is the heat transfer coeﬃcient in liquid nitrogen, A is the surface area of
the external shield, and ΔT (t) is the temperature diﬀerence between the HTS tapes and the liquid nitrogen.
Electrical losses include all losses due to transmission of AC currents along the cable, except for di-
electric losses. Thermal losses in the cryostat and cable terminals are not considered in this model either.
Electrical losses are detailed in section 3.1.
In case of heat dissipation caused by current ﬂowing through former and matrixes, temperature is mod-
eled as
mcond · cp,cond · dT (t)dt = P(t) − h · A · ΔT (t) (4)
where mcond is the total mass of the former and the matrixes, cp,cond is the average speciﬁc heat capacity
of the former and the matrixes.
3. Model implementation in PSS/E
3.1. PI-equivalent model
Conventional power system simulation programs use the PI-equivalent circuit for power cables and
transmission lines [3]. In this paper, PI-equivalent circuit is also used to model electrical behaviour of HTS
power cables connected to power networks.
Total reactance Xt and total susceptance Bt model the equivalent magnetic ﬁeld and the electric ﬁeld
present along the cable, respectively. They are calculated according to [1] and [3].
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In this work, electrical losses are calculated as a time-dependant function, named Rt. This function is
closely related with the apparent resistivity that the cable shows, depending on the operating conditions. In
conditions with peak-current below critical current, current is assumed to ﬂow along the HTS tapes and the
cable shows tapes resistivity. On the other hand, when peak-current is above critical current, current ﬂows
along the Silver matrix and the Copper former and the cable shows Silver and Copper resistivity. The ﬁrst
operating condition is expressed as
Rt(t) =
l
a · N · ρtape(t) (5)
where a is the cross-area of a single HTS tape, N is the number of tapes per phase. ρtape(t) is calculated
by (2).
Above critical current operation, it is considered that electric path is composed of the parallel connection
of the Copper former and the Silver matrix, and Rt(t) is calculated as
Rt(t) =
[(
l
a · N
1 + r
r
ρMATRIX
)−1
+
(
l
S Cu
ρCu
)−1]−1
(6)
where SCu is the Copper former cross-area.
Fig. 1. Dynamic simulation logic ﬂow.
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The expression that links Rt with electrical losses is
Rt(t) =
P(t)
I2rms
(7)
where Irms is the root mean square of the cable current [A].
In real power systems, peak-current may exceed the critical current value in case of disturbances (grid
faults). This model is suitable for dynamic simulations because it reproduces the HTS cable electrical
behaviour, including changes in the equivalent resistivity due to the switching of the electrical path from
HTS tapes to former and matrixes, and viceversa.
3.2. Dynamic simulation sequence
The HTS cable dynamic model is implemented in PSS/E [4]. Dynamic simulation section of PSS/E
is structured in three diﬀerent parts: main skeleton, model connection subroutines and model subroutine
library. The main skeleton contains logic for data input, output, numerical integration and electric network
solution, thus the skeleton provides the cable model with the cable current values at each simulation step.
The model connection subroutines link the skeleton with the models in the subroutine library. Finally, the
model subroutine library contains logic to calculate time derivatives and algebraic expressions for every
speciﬁc equipment in the network, thus it includes the expressions that determine the behaviour of the HTS
cable model. This model includes two diﬀerential equations, this is, equations (3) and (4), and several
algebraic expressions, this is, equations (1) to (2) and (5) to (7). The model provides the skeleton with the
Rt(t) value at each simulation step.
The dynamic simulation basic logic ﬂow is shown in ﬁgure 1. This logic ﬂow is based upon the phys-
ical relationship between the cable current, the temperature and Rt variations, as explained in all previous
sections. PSS/E main skeleton is responsible for providing the subroutine library with the cable current,
and the subroutine library is responsible for providing the skeleton with the temperature and the Rt value.
Cable electrical losses are calculated by the model subroutine library as an intermediate result that provides
physical linkage between temperature variations, and current and Rt variations. In this model, the initial
Rt(t) value is obtained after executing the algorithm developed in [5].
4. Application example
The subroutines deﬁned for the HTS cable dynamic model have been written in FORTRAN language,
according to PSS/E requirements and speciﬁcations. These subroutines have been added to the model sub-
routine library of a sample test grid provided by PSS/E, named SAVNW. The base frequency of the grid
is 60 Hz. This grid has been modiﬁed by adding a HTS cable between the generator CATDOG-G and the
power transformer that links this generator with the CATDOG bus, ﬁgure 2. The nominal phase voltage of
the HTS cable is 13,8 kV, and its length is 1 km. The cable dimensions and the physical parameters used in
the simulation are taken from shown [6], [7], [8], [2], and [9].
In order to simulate dynamic response of HTS cable, a 500 ms bus fault is applied to one terminal of the
cable, named CATDOG-G (bus number 1). Results are shown in ﬁgures 3, 4, 5 and 6.
5. Discussion of results
A simulation case of a short circuit at a terminal of the HTS cable is presented. The simulation starts
under electrical steady-state conditions, but a 500-ms fault is applied at instant 1 s. Afterwards, the bus
fault is cleared and the simulation runs until instant 3 s. Figure 3 shows the current curve. Before the fault
occurs, the root mean square current transported by the cable is 875 A, this is, 1237 A peak-current. In such
situation, the cable operation is below HTS critical current value and does not present high electrical losses
neither high Rt value, ﬁgures 5 and 4. On the other hand, during the fault, the cable current is increased ten
times and it exceeds HTS critical current to a large extent.
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Fig. 2. Addition of an HTS cable between bus CATDOG-G (number 1) and bus CATDOG-G (number 3018).
Fig. 3. Current dynamic response [A]. Fig. 4. Rt dynamic response [p.u.].
Fig. 5. Electrical losses dynamic response [W]. Fig. 6. Temperature dynamic response [K].
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One-phase total electrical losses are reduced before and after the fault is applied, but their value in-
creases signiﬁcantly during the short circuit. During the fault, Copper and Silver materials are less resistive
than HTS material, and the parallel connection of the Copper former with the Silver matrix of the tapes
becomes the main electric path. These two materials are conductors that produce resistive losses due to the
transmission of the fault current. Considering electrical losses per unit length, it can be observed that during
fault they reach values of 750 W/m, which is signiﬁcantly higher than typical nominal values of 1-3 W/m.
Rt is a function that is used to fulﬁll PI-equivalent model requirements. Before and after the fault occurs,
it has a reduced value because the resistivity of the HTS tapes is very low in fact. On the other hand, during
the short-circuit Rt has a high value because it takes into account Copper and Silver resistivities . In the fault
interval, Rt shows a constant value because Copper and Silver resistivities have been considered not to have
temperature dependance, equation (6).
Temperature evolution during the simulation is ﬁnally shown in ﬁgure 6. The temperature is in steady-
state conditions and it shows a constant value of 77 K before the fault. It can be observed that thermal
dynamics is slower than electrical dynamics, as the curve of the response has longer transition times (low-
to-high, and high-to-low). When the short circuit is imposed, temperature rises until 78,75 K approximately,
which is a lower value than the HTS critical temperature. At this point, it is worth mentioning that in real
operation the maximum operational temperature of the HTSmaterial is the limiting factor, as the temperature
of the HTS material must always be lower than the boiling temperature of LN2, due to constrains of the
dielectric insulation [10].
6. Conclusions
The main objective of this paper was to design a dynamic model of an HTS transmission cable and
implement it in a conventional simulation software suitable for power system studies. First of all, the cable
physical model has been described. This description is mainly based on resistivity, temperature and current
models extracted from the literature. Secondly, a dynamic simulation sequence has been designed in order
to apply the physical model in a power systems oriented software. Thirdly, the model subroutines present in
the simulation sequence have been implemented in PSS/E with FORTRAN language. Finally, an application
example has been designed and implemented, including the imposition of a fault (short circuit) to the cable.
Graphical results have been shown and dynamic response of cable current, temperature and electrical losses
has been discussed.
The simulations performed showed that the HTS cable model for PSS/E was successfully implemented,
and its dynamic behaviour under fault conditions was as expected when integrated in a test sample grid.
The fault applied to the grid has imposed a 9, 5kA, 500ms short circuit current through the HTS cable. This
cable has withstood this fault with the help of an auxiliary current path through the Copper former. Electrical
losses per phase have increased signiﬁcantly during the disturbance, but the temperature of the HTS material
has been kept under its critical value. This simulation has shown that this model can be used in stability
studies in order to analyze the impact of HTS devices on power systems.
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